RC, Anthony TG. General control nonderepressible 2 deletion predisposes to asparaginase-associated pancreatitis in mice. Am J Physiol Gastrointest Liver Physiol 310: G1061-G1070, 2016. First published March 11, 2016 doi:10.1152/ajpgi.00052.2016.-Treatment with the antileukemic agent asparaginase can induce acute pancreatitis, but the pathophysiology remains obscure. In the liver of mice, eukaryotic initiation factor 2 (eIF2) kinase general control nonderepressible 2 (GCN2) is essential for mitigating metabolic stress caused by asparaginase. We determined the consequences of asparaginase treatment on the pancreata of wild-type (WT, GCN2-intact) and GCN2-deleted (⌬Gcn2) mice. Mean pancreas weights in ⌬Gcn2 mice treated with asparaginase for 8 days were increased (P Ͻ 0.05) above all other groups. Histological examination revealed acinar cell swelling and altered staining of zymogen granules in ⌬Gcn2, but not WT, mice. Oil Red O staining and measurement of pancreas triglycerides excluded lipid accumulation as a contributor to acini appearance. Instead, transmission electron microscopy revealed dilatation of the endoplasmic reticulum (ER) and accumulation of autophagic vacuoles in the pancreas of ⌬Gcn2 mice treated with asparaginase. Consistent with the idea that loss of GCN2 in a pancreas exposed to asparaginase induced ER stress, phosphorylation of protein kinase R-like ER kinase (PERK) and its substrate eIF2 was increased in the pancreas of asparaginase-treated ⌬Gcn2 mice. In addition, mRNA expression of PERK target genes, activating transcription factors 4, 3, and 6 (Atf4, Atf3, and Atf6), fibroblast growth factor 21 (Fgf21), heat shock 70-kDa protein 5 (Hspa5), and spliced Xbp1 (sXbp1), as well as pancreas mass, was elevated in the pancreas of asparaginase-treated ⌬Gcn2 mice. Furthermore, genetic markers of oxidative stress [sirtuin (Sirt1)], inflammation [tumor necrosis factor-␣ (Tnf␣)], and pancreatic injury [pancreatitis-associated protein (Pap)] were elevated in asparaginase-treated ⌬Gcn2, but not WT, mice. These data indicate that loss of GCN2 predisposes the exocrine pancreas to a maladaptive ER stress response and autophagy during asparaginase treatment and represent a genetic basis for development of asparaginase-associated pancreatitis.
anaphylaxis, immunosuppression, hepatotoxicity, coagulopathy, thrombosis, and pancreatitis (10, 13, 22) . While different forms of the drug offer multiple options for patients who experience allergic reactions, all forms are associated with metabolic complications that are difficult to predict, yet intensify with age (1, 2, 13, 16, 22, 28, 31, 50, 52, 62) .
Asparaginase-associated pancreatitis (AAP) is a major toxicity in the treatment of childhood acute lymphoblastic leukemia (ALL) and is among the most common reasons for termination of treatment (11, 43, 44) . Although this complication is long-recognized, the mechanism precipitating this event remains unknown (31, 41, 45) . Development of pancreatitis results in termination of chemotherapy, allowing for cancer progression; consequently, patients diagnosed with ALL who develop AAP are at greater risk for death (28, 44, 61) . Genetic predispositions are hypothesized to play a role (5, 28, 41) , but evidence to establish causation is lacking. A deeper understanding of the molecular basis for AAP will provide an important guide to improve patient treatment through the development of evidence-based guidelines for prevention and management.
Administration of bacterial asparaginase breaks down circulating asparagine and glutamine, depriving the leukemic cells of amino acids needed for tumor growth (10, 14, 47) . The amino acid depletion also instigates a cellular stress response in nontumor tissues that we and others have previously described (4, 9, 29, 46, 55, 64, 65) . In the liver and spleen, asparaginase corresponds with increased phosphorylation of eukaryotic initiation factor 2 (eIF2) by the general control nonderepressible 2 (GCN2) protein kinase (46) . Phosphorylation of eIF2 by GCN2 activates an integrated stress response (ISR), which simultaneously decreases general protein synthesis while favoring mRNA translation of genes encoding transcription factors such as activating transcription factor (ATF) 4 (20) . ATF4 and other transcription factors then bind C/EBP-ATF response elements [CARE, also known as amino acid response elements (AARE)] in the promoters of target genes, thereby altering the transcriptome (59) . This homeostatic alteration in gene expression to amino acid supply is referred to as the amino acid response (AAR) (30, 57) . Activation of the AAR by GCN2 is essential for adaptation and survival during asparaginase treatment. In the absence of GCN2, failure to induce the AAR augments immunosuppression (8) and hepatotoxicity (64, 65) . These disease outcomes are in agreement with human genetic studies that report a correlation between single-nucleotide polymorphisms (SNPs) in the AAR genes asparagine synthe-tase (ASNS) and ATF5 and worse treatment outcome to asparaginase (6, 49) .
The role of the GCN2/eIF2/ATF4 pathway within the pancreas during asparaginase treatment is understudied. Our laboratory previously reported the effects of acute asparaginase treatment in mouse pancreas and found no change in eIF2 phosphorylation or altered gene expression following a single injection (9, 46) . Pancreatic acinar cells possess an abundance of endoplasmic reticulum (ER) due to its function as an exocrine gland and highly express another eIF2 kinase (56) , protein kinase R-like ER kinase (PERK), which is essential for viability of acinar cells (26) . High protein turnover in the pancreas makes it susceptible to dysregulation of ER homeostasis, which can result in an accumulation of misfolded proteins in the organelle. A homeostatic response to this condition in endocrine and exocrine pancreas is called the unfolded protein response (UPR) (42) . Upon UPR activation, PERK functions in conjunction with other ER transmembrane proteins such as inositol-requiring enzyme 1 (IRE1) and ATF6 to remediate and regain ER homeostasis (48) . Based on our previous findings in the liver, along with reports showing how GCN2 and PERK can play auxiliary roles to each other (19) , we hypothesized that, during longer-term asparaginase treatment, a lack of GCN2 function would trigger a maladaptive UPR in the pancreas, compromising organ health. Here, we reveal how loss of GCN2 function negatively impacts the pancreas during asparaginase treatment at the anatomic, biochemical, molecular, and ultrastructural levels. These data identify a novel genetic target and cellular pathway to pursue in understanding genetic predisposition to onset of AAP.
MATERIALS AND METHODS
Materials. Phosphorylated (Ser 51 ) eIF2 (catalog no. 3597), phosphorylated (Thr 980 ) PERK (catalog no. 3179), and GAPDH (14C10; catalog no. 2118) were purchased from Cell Signaling Technology (Beverly, MA) and total eIF2␣ (catalog no. sc-11386) from Santa Cruz Biotechnology (Dallas, TX). A colorimetric triglyceride quantification kit was purchased from BioVision (Mountain View, CA), an amylase activity assay kit from Sigma-Aldrich (St. Louis, MO), the Trevigen TACS 2 TdT-Blue Label In Situ Apoptosis Detection Kit from R & D Systems, the RNeasy Plus Mini Kit from Qiagen, and a high-capacity cDNA reverse transcription kit from Applied Biosystems (Foster City, CA).
Animal care and experimental design. The animal procedures and experimental protocols were approved by the Institutional Animal Care and Use Committees at Rutgers, The State University of New Jersey. Before and throughout the experiment unless otherwise denoted, mice were maintained in plastic cages with corn cob bedding; tap water and commercial pelleted diet (5001 Laboratory Rodent Diet, Lab Diet) were freely provided. Eight-week-old male and female Gcn2 ϩ/ϩ (WT) and Gcn2 Ϫ/Ϫ (⌬Gcn2) mice on a C57BL/6J genetic background for 10 generations were assigned in equal numbers (n ϭ 12 per group) to receive eight daily injections of native Escherichia coli L-asparaginase (Elspar, Merck) in phosphate-buffered saline (PBS) at 0 or 3.0 IU/g body wt ip. Before injections, asparaginase activity was determined using the Nesslerization technique to detect the level of ammonia as previously described (46) . Treatment groups were defined as follows: WT ϩ PBS (WP), WT ϩ asparaginase (WA), ⌬Gcn2 ϩ PBS (GP), and ⌬Gcn2 ϩ asparaginase (GA). Animals received injections at the same time each day and were euthanized ϳ8 h after the final injection. Body weight was recorded each day throughout the experiment, including the day of euthanasia. In some experiments, food intake was measured daily, and all mice were pair-fed to GA mice. Mice were euthanized by decapitation, and serum was collected from the trunk blood of the animal. Tissues were rapidly dissected, rinsed in PBS, and weighed. One portion of the pancreas was processed immediately for RNA isolation, another portion was fixed for histological and ultrastructural evaluation, and a final portion was quickly frozen in liquid nitrogen for protein expression and other biochemical analyses.
Biochemical analyses. Serum amylase concentrations were measured in mouse serum by ELISA using a commercial kit. Triglyceride concentrations were measured from frozen prepared pancreas tissue lysates (ϳ20 mg) using a commercial kit as previously described (65) . Circulating amino acid concentrations were measured in the serum of mice killed 8 h after the last injection of asparaginase or saline excipient. Serum samples (60 l) were mixed with 180 l of 0.1% formic acid in methanol and then filtered using Captiva nondrip lipid filtration tubes (catalog no. A5400635, Agilent Technologies, Wilmington, DE). Collected eluent (20 ul) was spiked with internal standard (100 pmol/ml final concentration) before analysis by highperformance liquid chromatography (HPLC). Amino acids were derivatized with o-phthalaldehyde/9-fluorenyl-methyl chloroformate using an automated liquid sampler attached to an Agilent 1260 HPLC with a quaternary pump, fluorescence detector, and multiple-wavelength detector. Amino acid standards were prepared and liquid chromatography was conducted exactly as described in Agilent application notes 5990-4547EN using a ZORBAX Eclipse Plus C18 rapid-resolution high-definition, 2.1 ϫ 100-mm, 1.8-m particle-size column (catalog no. 959758-902, Agilent Technologies).
Histological and ultrastructural examination. Tissues fixed in 4% paraformaldehyde were frozen and then sectioned (10 m) using a cryostat. Terminal deoxynucleotidyl transferase-mediated dUTP nickend labeling (TUNEL) assays were performed using frozen sections as previously described (64) . Frozen sections were also stained with Oil Red O to visualize lipid content (38, 64) . Paraffin-embedded liver specimens were sectioned (6 m) and stained with hematoxylin and eosin to visualize general histology and identify histopathological features under light microscopy. A subset of pancreata were fixed in 2.5% glutaraldehyde, postfixed in buffered 1% osmium tetroxide, and stained en bloc with uranyl acetate. After dehydration in a graded series of ethanol and propylene oxide, samples were embedded in epoxy resin in the usual manner. Ultrathin sections were stained with uranyl acetate and lead citrate and visualized and imaged using a Philips CM12 electron microscope.
Immunoblots. Frozen pancreas tissue (ϳ20 mg) was homogenized in 10 volumes per gram of a RIPA-buffered solution containing 50 mM Tris·HCl (pH 7.9), 150 mM sodium chloride, 1% Nonidet P-40, 0.1% SDS, 100 mM sodium fluoride, 17.5 mM ␤-glycerophosphate, 0.5% sodium deoxycholate, and 10% glycerol supplemented with EDTA-free protease inhibitor cocktail. Tissue lysates were processed for SDS-PAGE and immunoblot analysis as previously described (60) . Protein expression was visualized using enhanced chemiluminescence, and signal intensities were digitally captured using a FluorChem M multiplex imager (ProteinSimple) and band densities were quantified using imaging software.
mRNA measurements. Total RNA was extracted from fresh mouse pancreas tissue immediately following dissection. The ratio of absorbance at 260 nm to absorbance at 280 nm (A 260/280) was 1.8 -2.0 following RNA clean-up. Changes in gene expression were determined by reverse transcription to generate cDNAs, followed by quantitative PCR using TaqMan reagents and the StepOnePlus RealTime PCR System (Applied Biosystems). Levels of mRNAs were measured in triplicate and normalized against Actb (␤-actin) mRNA. Fold change in gene expression was calculated using the comparative cycle threshold (Ct) method (9) . Data are expressed as fold change compared with the experimental control (WP) group.
Statistics. Results were analyzed using the STATISTICA statistical software package (StatSoft, Tulsa, OK). Data are reported as means Ϯ SE for 8 -12 per group. Differences between treatment groups were analyzed by two-way ANOVA, with mouse strain and drug treatment as independent variables. Data sets that failed homoscedasticity by Bartlett's test were logarithmically transformed before ANOVA. When significant main or interaction effects were detected by ANOVA, differences among group means were evaluated using Tukey's post hoc test. Pearson's one-tailed correlation coefficient was calculated to evaluate the variance in gene expression within the GA group according to pancreas mass. The level of significance was set at P Ͻ 0.05 for all statistical tests.
RESULTS
Asparaginase-treated ⌬Gcn2 mice develop increased pancreas mass, but not elevated serum amylase or lipid accumulation in exocrine tissue. Asparaginase reduces food intake and body weight in mice (65) . To control for differences in food intake, mice were pair-fed to the lowest intake (GA group). We found that all mice lost body weight; however, mice treated with asparaginase (WA and GA groups) lost more body weight than mice injected with saline excipient (Fig. 1A) , indicating a negative effect of asparaginase on body weight independent of energy intake. Serum amino acid profiles showed that asparaginase treatment also significantly reduced circulating concentrations of asparagine and glutamine at 8 h after the final injection (Table 1) . Furthermore, asparaginase increased circulating concentrations of serine, glycine, threonine, methionine, arginine, alanine, lysine, leucine, isoleucine, and valine in both mouse strains. A main effect of strain was also evident for threonine, alanine, lysine, leucine, isoleucine, and valine.
After eight daily injections of asparaginase, pancreas weight was significantly greater for ⌬Gcn2 than WT mice, with GA mice having the largest mass (Fig. 1B) . Expansion in mass was noted during tissue dissection to be localized mostly to the duodenal portion of the pancreas. A recognized feature of Values (means Ϯ SE) are mol/l (n ϭ 8 -12 per group). Serum was collected from the trunk blood of mice 8 h after the final injection. WT, wild-type; ⌬Gcn2, general control nonderepressible 2-depleted; BDL, below instrument detection limit; WP, WT ϩ PBS; WA, WT ϩ asparaginase; GP, ⌬Gcn2 ϩ PBS; GA, ⌬Gcn2 ϩ asparaginase. Means not sharing a common letter are different (P Ͻ 0.05). †P Ͻ 0.05 for main effect of drug. ‡P Ͻ 0.05 for main effect of strain.
pancreatitis is an increase in pancreas mass (25) . To assess pancreatic injury, serum amylase was measured; this biochemical marker showed little change among treatment groups (Fig.  1C) . To determine if increased pancreas mass corresponded with lipid accumulation, biochemical analyses of pancreatic triglyceride concentrations were conducted alongside Oil Red O staining to visualize neutral lipids. Imaging of Oil Red O-stained sections from WP and GP mice revealed low endogenous lipid accumulation, consistent with a previous report (38) , and sections from asparaginase-treated mice showed no staining (Fig. 2B) . Reduced levels of triglycerides upon asparaginase treatment supported the histological findings and revealed that asparaginase lowered lipid content in the pancreas (Fig. 1D) .
Induced ER stress and autophagy in ⌬Gcn2 mice treated with asparaginase. Hematoxylin-eosin staining was utilized to visualize morphology of pancreatic acini (Fig. 2A) . Examination of hematoxylin-eosin-stained pancreas sections by light microscopy showed GP acini to be wedge-shaped and arranged in grape-like clusters with basally located nuclei. Acinar cells appeared to be slightly swollen in ⌬Gcn2 compared with WT pancreas, with these features being more prominent in GA mice. Altered staining of acini was also apparent, with sections from GA pancreata showing broad areas of pale intracellular staining. To determine if differences in hematoxylin-eosin staining corresponded with cell death, a TUNEL assay was performed to assess DNA fragmentation. Contrary to our expectation, TUNEL assay showed no obvious differences among treatment groups (Fig. 2C) . We next carried out transmission electron microscopy to visualize the cellular features in the pancreas in more detail (Fig. 3) . In both saline-treated groups (WP and GP), the ER appeared neatly stacked and was interspersed with mitochondria, while zymogen granules localized to the apical pole. In the WA group, there were no obvious changes in the appearance of the ER, mitochondria, nuclei, and zymogen granules. By contrast, morphological and histological features in GA acini were notably heterogeneous, with normal-looking cells adjacent to cells that displayed severely disorganized and distended ER and shrunken mitochondria. An accumulation of large vacuolar structures, some surrounding zymogen granules and cellular organelles, was also evident: some consisted of a single membrane and were quite large, whereas others were whorl-like in appearance or contained multiple membranes filled with electron-dense material. Autophagy is a central component of an activated integrated stress response (32) but, during acute pancreatitis, shows inefficient progression and resolution, resulting in vacuole accumulation that mediates inflammation and acinar cell necrosis (17, 18 ). In the current investigation the appearance of numerous cytoplasmic vacuoles before nuclear alteration suggests autophagic cell death, a major form of physiological cell death associated with onset of acute pancreatitis (17, 18) . Amassing of these intercellular features in the absence of increased serum amylase and apoptotic nuclei suggested that GA mice were in the early stages of AAP.
Asparaginase activated a maladaptive UPR in the pancreas of ⌬Gcn2 mice. Activation of the UPR serves to help the cell regain homeostasis during environmental stress (63) . To determine if the cellular pathology visualized corresponded with induction of the UPR, biochemical evaluation of eIF2 and PERK phosphorylation in tissue lysates was undertaken. Previously we reported that phosphorylation of eIF2␣ did not change in the pancreas following a single injection of asparaginase (9, 46) . The tissue homogenization buffer used in those studies lacked detergent and, thus, excluded proteins associated with cellular membranes. Because our electron micrographs suggested induction of ER stress and autophagy, tissue samples in the current study were homogenized in RIPA lysis buffer to capture PERK and other proteins associated with the ER. Immunoblot analysis showed that phosphorylation of eIF2␣ was unchanged by asparaginase in WT mice but was elevated in the pancreas of ⌬Gcn2 mice (Fig. 4A) . Phosphorylation of PERK, a measure of activation by ER stress, was also significantly induced within the pancreas of ⌬Gcn2 mice (Fig. 4B) . Mean responses were highest in GA mice, which showed twofold increases in phosphorylation of eIF2␣ and PERK compared with WP controls. Activation of the AAR occurs in part via ATF4-driven transcriptional control (30) . Atf4 mRNA expression in the pancreas of WA mice did not differ from that in the pancreas of WP mice, and the ATF4 gene targets Asns, Atf3, and fibroblast growth factor 21 (Fgf21) were unchanged (Fig. 4C) . In contrast, gene expression levels of Atf4 in the pancreas of ⌬Gcn2 mice were significantly (ϳ5-fold) elevated by asparaginase treatment. This increase corresponded with higher mean expression levels of several ATF4 target genes (Atf3, Asns, and Fgf21) in GA mice, but sample variation prevented statistical significance, despite logarithmic transformation to achieve homoscedasticity. Further examination into the basis for the variance in the GA group revealed that the expression levels of some AAR genes correlated with increased pancreas weight. Specifically, GA animals with higher pancreas weight relative to body weight expressed higher mRNA levels of Atf4, Atf3, and Fgf21 (Fig. 5, A-D) . On the other hand, not all genes with CARE/AARE cis elements, such as C/EBP homologous protein (Chop) and CCAAT/enhancer-binding protein-␤ (Cebpb), which remained similar among the four treatment groups, were altered by drug and/or strain (Fig. 4C) . Furthermore, even though mean Asns levels were highest in GA mice, these levels did not correlate with pancreas mass (Fig. 5C) .
Sustained activation of the PERK pathway can instigate a maladaptive UPR, contributing to the etiology of disease (63) . To evaluate induction of the other branches of the UPR, we next measured the mRNA levels of the UPR targets Atf6, heat shock 70-kDa protein 5 (Hspa5), and spliced and unspliced Xbp1 (Fig. 4D) . Similar to ATF4, mean expression levels of Atf6 and Hspa5 were highest in GA mice. In addition, a main effect of strain on spliced Xbp1 mRNA was present in combination with a main effect of drug on the unspliced Xbp1 gene Means not sharing the same letter(s) are different (P Ͻ 0.05). *P Ͻ 0.05 for main effect of drug. †P Ͻ 0.05 for main effect of strain. Values are means Ϯ SE (n ϭ 8 -12 per group). Treatment groups were defined as follows: WT ϩ PBS (WP), WT ϩ asparaginase (WA), ⌬Gcn2 ϩ PBS (GP), and ⌬Gcn2 ϩ asparaginase (GA).
transcript. The Xbp1 combined results suggest an increase in Xbp1 mRNA splicing in GA pancreata. Furthermore, comparison of UPR gene expression with pancreas weight revealed a significant correlation of mRNA levels of Atf6 and Hspa5 to pancreas weight (Fig. 5, E and F) . This distribution of effect in GA mice is consistent with a model in which onset of AAP is dynamic, in agreement with our previous report showing onset of morbidity between days 8 and 12 (65) . To examine this last point further, genetic markers of oxidative stress [sirtuin (Sirt1)], inflammation [tumor necrosis factor-␣ (Tnf␣)], and pancreatic injury [pancreatitis-associated protein (Pap)] were also assessed (Fig. 4E) . Similar to markers of AAR and UPR activation, no changes in gene expression were noted in WA mice, and mean responses were highest in GA mice. Again, comparison of gene expression in GA mice with pancreas weight showed that, similar to the AAR and UPR, larger pancreata displayed higher expression levels of Sirt1 and Tnfa transcripts (Fig. 5, G and H) . Thus the preponderance of oxidative stress and inflammation among animals is suggested to correlate with increased pancreas mass. Contrary to our expectation, pancreatic expression of Pap did not share this same relationship and, instead, was inversely correlated with organ mass. However, examination of Pap in the livers of these mice revealed increased mRNA expression in ⌬Gcn2 mice, with the highest level of expression in GA mice (Fig. 4E) . These data, in combination with our previous reports (64, 65) , suggest that pancreatic deterioration was occurring along with a maladaptive UPR. These findings suggest that asparaginase treatment of the ⌬Gcn2 mice can aggravate induction of the PERK branch of the UPR, along with increased pancreas mass.
DISCUSSION
Acute pancreatitis is a well-known, but little understood, complication of asparaginase treatment. Here, we show that deletion of Gcn2 instigates a maladaptive response to repeated doses of asparaginase in the pancreas of mice, predisposing to AAP. The molecular mechanism of this maladaptive response is rooted in heightened PERK phosphorylation under basal conditions, which evolves into an exaggerated UPR and autophagy in pancreatic acini. Asparaginase-treated ⌬Gcn2 mice displayed increased pancreas mass, which then showed significant induction of key UPR markers. Interestingly, recognized biomarkers of asparagine depletion (Asns) and pancreatic injury (serum amylase, TUNEL-positive nuclei, and expression of Pap) were not useful in reflecting the degree of pancreatic stress in the mouse. Instead, biomarkers of inflammation (Tnfa) and oxidative stress (Sirt1), but not lipotoxicity, corresponded with hyperactivation of the UPR in the exocrine pancreas of GA mice. These latter findings were substantiated by histochemical and ultrastructural evidence of edema, ER stress, and cytoplasmic vacuole accumulation in GA acini. These data collectively suggest that a compromised GCN2-driven ISR/ AAR primes the pancreas toward ER stress during asparaginase treatment, resulting in injury and, eventually, AAP.
The phenotypic heterogeneity in GA pancreata is likely a consequence of the choice to end the study before GA mice became uniformly moribund. Previously, we showed that WT mice can tolerate up to 14 daily injections of asparaginase without adverse events, whereas ⌬Gcn2 mice become progressively ill following 6 daily injections and require euthanasia following 8 -12 daily injections of asparaginase (64, 65) . On the basis of this time course, the absence of changes in serum amylase alongside molecular and histological variability within GA pancreata at day 8 is consistent with an early stage of acute edematous pancreatitis. It is perplexing that eIF2 phosphorylation in the pancreas is insensitive to asparaginase acutely (9, 46) and chronically (Fig. 4C) . The specific activity of ASNS in mouse tissues is highest in the pancreas, with exocrine cells contributing Ͼ99% of the activity to provide asparagine for important pancreatic proteins, namely, digestive enzymes that contain asparaginyl residues (39) . However, the pancreas does not contribute to circulating concentrations of asparagine (40) , suggesting that the pancreas may be insensitive to and/or buffered from changes in serum asparagine. We speculate that eIF2 phosphorylation is briefly activated in response to glutamine depletion, but the study end point missed the window of detection. This idea is consistent with our previous report showing increased Asns mRNA expression at 6 h after injection of asparaginase, despite no change in eIF2 phosphorylation (46) . The current study also points to basal activation of UPR components as early predisposing factors to developing AAP. Future acute time-course studies are warranted to assess if circulating levels of amino acids can reflect UPR activation and injury in WT and ⌬Gcn2 mice by asparaginase.
Acute pancreatitis occurs when premature activation of pancreatic zymogens instigates pancreatic autodigestion (7). Premature activation can occur when the expression level of trypsinogen exceeds that of the proteinase inhibitor ␣ 1 -antitrypsin, allowing for autoactivation into trypsin. Pancreatic ␣ 1 -antitrypsin is a member of the serpin (serine proteinase) superfamily of proteins, which are involved in regulation of a multitude of cellular processes that include digestion, coagulation, complement activation, fibrinolysis, inflammation, and tissue remodeling (24) . In the liver of WT mice, antithrombin and ␣ 1 -antitrypsin are susceptible to protein misfolding and aggregation during asparaginase treatment, resulting in a transient state of ER stress described as a "temporary conformational disease" (21) that resolves with continued treatment over 6 -14 days (64, 65) . In contrast, asparaginase-treated ⌬Gcn2 mice do not demonstrate recovery of serpin function and, instead, show reduced hepatic levels of antithrombin III in concert with altered hemostasis (65) . When these findings are applied to the pancreas, one possible mechanism by which ⌬Gcn2 predisposes to AAP is via reduced expression of ␣ 1 -antitrypsin and other serpins, promoting premature zymogen activation.
Exocrine pancreas acinar cells have the highest protein production capacity of any mammalian organ, necessitating a highly developed ER to properly synthesize, fold, and secrete a large client load of digestive enzymes (42) . ER stress is documented in multiple forms of pancreatitis (27, 33, 34, 36, 37, 54) and, when self-limiting in action, the UPR plays an adaptive role, facilitating cellular protection to environmental stressors (35) . On the other hand, more severe forms of pancreatic disease show exaggerated and/or unremitting UPR activation, corresponding with oxidative and inflammatory stress and cell death (51) . These studies indicate that, while an adaptive UPR helps resolve cell stress, a maladaptive UPR drives cell fate toward death pathways. It is hypothesized that when key factors necessary to support an adaptive UPR are lacking, the exocrine cell is unable to manage the client load during environmental stressors, resulting in dysfunction and cellular pathology (42) . The current results support this notion and suggest that, during the strain of amino acid depletion by asparaginase, a key determinant is the function of GCN2. It is suggested that diminishment of the GCN2 pathway can render a patient susceptible to the secondary ER stress, which, in combination with asparaginase treatment, can trigger maladaptive responses and, eventually, complications of the pancreas.
GCN2 is conserved from yeast to humans. Under conditions of balanced amino acid nutrition, whole body deletion of Gcn2 in mice is nonlethal and asymptomatic, without effect on growth or reproduction (67) . However, single or imbalanced removal of amino acids from the diet results in rapid deterioration of health in organisms lacking GCN2 (3) . Because the US diet is nutritionally replete with protein, alterations in GCN2 function are likely to be masked. Small genetic changes in EIF2AK4 are widely present in the population, with Ͼ6,500 SNPs listed in the National Center for Biotechnology Information SNP database. At least one identified SNP is associated with ethnicity (66) , and several others correspond with pathogenic diseases such as schizophrenia and pulmonary hypertension (12, 15) . Considering that two genes regulated by GCN2 activity, namely, ATF5 and ASNS, are identified as harboring SNPs that influence asparaginase treatment success (6, 49), we suggest that polymorphisms in EIF2AK4, alone or in combination with other AAR genes, may promote ER stress and instigate maladaptive outcomes during asparaginase treatment.
A unique feature of the current study paradigm is the use of asparaginase as a single agent and in a nontumor environment, so results are not confounded by tumor biology or drug interactions. This is important to identify the mechanism by which asparaginase by itself can become toxic in humans and other species such as dogs (53, 58) . With the understanding that asparaginase is rarely used as a single agent, future studies examining asparaginase in combination with the standard cocktail of chemotherapies [especially steroids that are also associated with pancreatitis (31)] are warranted. Future studies are also needed to resolve whether differential outcomes in the pancreas require pancreatic GCN2 or are secondary to GCN2 action in another tissue or tissues. Tissue-specific ⌬Gcn2 animal and/or tumor models will be useful in further assessing how the timing or dose influences onset of AAP and other toxicities. Finally, a more detailed exploration over time into the relationship between the UPR, autophagy, and cell death should reveal additional markers that can better predict the onset of AAP. A deeper understanding of the nature of genetic variations in the GCN2-driven AAR and their relationship to treatment success in patients diagnosed with ALL will lead to novel screening tools and other evidence-based treatment options.
